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Quantum Networking with Optical Fibres
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Parks Road, OX2 6RX Oxford, England.
I propose a scheme which allows for reliable transfer of
quantum information between two atoms via an optical fi-
bre in the presence of decoherence. The scheme is based on
performing an adiabatic passage through two cavities which
remain in their respective vacuum states during the whole
operation. The scheme may be useful for networking several
ion–trap quantum computers, thereby increasing the number
of quantum bits involved in a computation.
The possibility of reliable spacial transport of quantum
states is of crucial importance to quantum communica-
tion. During the past few years rapid progress has been
made in using optical fibres for quantum communication
on the single photon level [1]. This is needed for quan-
tum cryptography [1,2] and quantum teleportation [3].
However, the spatial exchange of quantum information
between quantum registers that have undergone local
quantum processing has not yet been demonstrated ex-
perimentally. Quantum communication between locally
distinct nodes of a quantum network will be essential to
overcome small–scale quantum computing [4].
A promising model for storage and local processing of
quantum information is the ion–trap quantum computer,
in which the quantum bits are stored in stable ground
states or in long–lived metastable states [5]. First exper-
imental results have already been reported [6]. However,
technology imposes an upper limit on the number of ions,
and thus quantum bits, which can be used in a single
ion–trap quantum computer. To overcome this limit, a
network of several ion trap quantum computers could be
set up. But while ions are superb for storing quantum
information, it seems more feasible to mediate quantum
states by photons carried by optical fibres.
FIG. 1. Representation of the scheme. The atoms (quan-
tum bits) are coupled to cavities and are manipulated by
lasers. The cavities are connected via an optical fibre.
This problem has been recently addressed (to my
knowledge, for the first time) by Cirac et al. [7]. They
propose a scheme to transmit quantum bits by tailoring
time–symmetric photon wave–packets. In the present let-
ter, I will pursue a different approach which is based on
an adiabatic passage via photonic dark states. A repre-
sentation of the scheme is depicted in Fig. 1.
The quantum bit to be transferred is initially stored in
atom A, and atom B is prepared in a predefined state.
Atoms A and B may be part of ion–trap quantum com-
puters. Initially both cavities and the fibre are in the
vacuum state. By appropriate design of laser pulses as
described below we may swap the states of atom A and B.
Below I will demonstrate that (ideally) the two cavities
will never have a photon number different from zero.
The scheme has two distinctive features: Firstly, it is
insensitive to losses from the cavities into other than the
fibre modes. This is due to the fact that the cavities are
never populated. As a result, the coupling between the
cavities and the fibre mode does not need to be perfect;
Secondly, it does not require a precise control of the pulse
shape, duration and intensity of the manipulating laser
pulses is not required as long as some “global” (namely
adiabaticity–) conditions are met. This implies that the
Rabi frequencies need not be known in order to perform
the transfer successfully.
The individual atom–cavity systems are described as
follows. The atoms are modelled by three–level Λ–
systems with two ground states |a0〉, |a1〉 and one excited
state |b〉 as depicted in Fig. 2a.
FIG. 2. (a) Atomic level scheme. See text for definition of
the symbols. (b) Level scheme of the combined atom–cavity
system after adiabatic elimination. The first parameter in
the ket represents an atomic ground state whereas the second
parameter denotes a cavity mode Fock state.
The frequency of the transition |ai〉− |b〉 is denoted by
ωi, where i = 0, 1. The excited state |b〉 spontaneously
decays with a rate γ. The cavity is modelled by a sin-
gle, quantized mode with frequency ωcav coupled to the
transition |a1〉− |b〉 with coupling strength g. The cavity
is coupled to an optical fibre as described below. In ad-
dition, we include a loss rate κ of the cavity. This decay
rate includes any undesired loss mechanisms such as ab-
sorption of cavity photons in the mirrors and coupling to
other than the fibre modes. The transition |a0〉 − |b〉 is
coupled to a laser described by a c–number coherent field
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with frequency ωlas. The corresponding time–dependent
Rabi frequency is denoted by Ω(t). According to continu-
ous measurement theory the evolution of a system in the
absence of quantum jumps is determined by an effective,
non–Hermitian Hamiltonian [8]. In the present context
we find:
Heff = H0 +Hint
H0 = (−∆g − iγ)|b〉〈b|+∆r|a1〉〈a1|+ κa†a
Hint = Ω(t)|b〉〈a0|+ ga|b〉〈a1|+H.c. (1)
Eq. (1) is written in a rotating frame. The symbols a
and a† denote the annihilation and creation operators of
the cavity mode. Here I have introduced two detunings,
namely the “global” detuning ∆g = ωlas − ω0 and the
“Raman” detuning ∆r = (ωcav − ωlas)− (ω0 − ω1).
We are interested in the low saturation regime where
we can adiabatically eliminate the excited atomic state.
Below the conditions that are required to make this ap-
proximation meaningful are given. By applying standard
quantum optical techniques [9] the adiabatically elimi-
nated effective Hamiltonian reads:
H˜eff = H˜0 + H˜1 + H˜int
H˜0 = +(∆gs00(t) − iγs00(t)) |a0〉〈a0|
H˜1 =
(
∆r +∆gs11(t)a
†a− iκa†a− iγs11(t)
) |a1〉〈a1|
H˜int = (∆g − iγ) s01(t)a|a0〉〈a1|+
(∆g − iγ) s10(t)a†|a1〉〈a0|. (2)
Here I have introduced the saturation parameters
s00(t) =
|Ω(t)|2
∆g + γ2
s11(t) =
|g|2
∆2g + γ
2
s01(t) = s
∗
10(t) =
Ω(t)g∗
∆2g + γ
2
. (3)
Adiabatic elimination is applicable if the following in-
equalities hold:
sii(t)≪ 1, i = 1, 2.
The detunings, light–shifts, and decay rates of the two
ground states are shown in Fig. 2b. In Eq. (2), H˜0 and
H˜1 contain all the terms which are diagonal in the atomic
basis. Both ground states undergo light shifts and damp-
ing. Later we will find that the light shift of state |a0〉
gives rise to undesired effects which will make compen-
sate necessary. H˜int describes Rabi oscillations between
the ground states and contains dissipative terms as well.
The decay terms are of course unwanted. However, it
will be shown in the following how they can be avoided.
The next step is to consider two atom–cavity systems
as described above connected by an optical fibre. The free
Hamiltonian of the fibre and the interaction Hamiltonian
with the two atom–cavity systems is assumed to take the
following form:
Hfib =
∑
k
∆kf
†
kfk +
{
ν
∑
k
(
aA + (−1)kaB
)
fk +H.c.
}
(4)
Eq. (4) is written in a frame rotating at the cavity fre-
quency. By fk(fk†) I denote the annihilation (creation)
operator of the kth fibre mode. ∆k is the frequency dif-
ference between the kth fibre mode and the cavity mode,
and ν is the coupling strength between the fibre modes
and the cavity. For simplicity it is assumed that in the
frequency range where the coupling is significant the cou-
pling strength is constant. Here, and in the remainder
of this letter, the subscripts (or superscripts) A and B
distinguish the two atom–cavity sub–systems. Note that
the fibre is assumed to be lossless which is of course un-
realistic for long transmission distances. However, the
present scheme is designed for short distances for which
this assumption seems appropriate.
The goal is to achieve quantum state swapping. In this
model energy eigenstates of the system and logical values
are identified as follows:
|i〉|j〉 ≡ |ai, 0〉A|aj , 0〉B|vac〉 i = 0, 1
Here the first and the second ket on the right hand side
refer to the atom–cavity subsystem A and B. The first
parameter in each ket denotes the atomic ground state,
while the second represents a Fock state of the respective
cavity modes. The third ket denotes the subsystem of
the fibre–modes all being in the vacuum state. Below
I will demonstrate how the following operation can be
performed:
(α|0〉+ β|1〉) |1〉 −→ |1〉 (α|0〉+ β|1〉) . (5)
Heree α and β are arbitrary (in general unknown) com-
plex amplitudes. The result of the process by starting
with the second quantum bit in state |0〉 will be unde-
fined.
The primary objective is to perform the desired quan-
tum state transfer with as little disturbing influence from
dissipative processes as possible. In the present context
these are spontaneous emissions from the atomic excited
states (via optical pumping) and the decay of the cavity
mode into other than the fibre–modes. These two de-
cay mechanisms are dealt with as follows: (i) The optical
pumping rate is the product of the saturation parame-
ter sii(t) and the spontaneous decay rate γ, whereas the
effective Rabi frequency is the product of s01(t) and the
detuning ∆g. Therefore, by increasing the detuning and
simultaneously increasing the Rabi frequency the opti-
cal pumping rate can be made arbitrarily small while
maintaining the effective Rabi frequency constant. (ii)
Undesired loss of cavity photons is avoided by perform-
ing the process as an adiabatic passage through a dark
state of both cavities. In other words, the photon num-
ber of two cavity modes will not differ significantly from
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zero throughout the whole process. In the following para-
graphs I will elaborate on the details of this scheme.
Adiabatic passage [10] has a variety of applications in
the context of atomic physics. For example, it can be
used for transferring population between atomic levels
unaffected by spontaneous emission [11]. A beam split-
ter for atoms based on adiabatic passage has been pro-
posed by Marte et al. and realized experimentally by
several groups [12]. Moreover, in cavity QED quantum
state sythesis [13] and quantum computing [14] based on
adiabatic passage has been proposed.
Since spontaneous emission can be dealt with in the
aforementioned way we will set γ = 0 in the following.
The present scheme is based on the fact that for the
Hamiltonian Hpart = H˜1 + H˜int + H˜fib given in Eqs. (2)
and (4) dark states with respect to the two cavity modes
exists. This requires that a fibre mode exists that is res-
onant with the cavity mode, i.e. that a detuning ∆k = 0
for a certain k exists. Note that this is not the full Hamil-
tonian of the system since H˜0 is missing. It turns out that
H˜0 deteriorates the dark state and thus the performance
of the scheme. Below it will be shown how this effect can
be avoided. The two relevant dark states of the partial
Hamiltonian Hpart read thus:
|ΨD0 〉 ∝ ν∆sB10(t)|a0, 0〉A|a1, 0〉B|vac〉
−∆2sA10(t)sB10(t)|a1, 0〉A|a1, 0〉B|1k0〉
+ν∆sA10(t)|a1, 0〉A|a0, 0〉B|vac〉
|ΨD1 〉 = |a1, 0〉A|a1, 0〉B|vac〉. (6)
By |1k0〉 I denote the fibre state corresponding to fibre
mode k0 being in a one photon Fock state and all the
others in the vacuum state. The index k0 corresponds
to the fibre mode for which ∆k0 = 0. These states are
eigenstates of Hpart and do not contain excited states of
the cavity mode. In the first dark state |ΨD0 〉 the cav-
ity modes are not populated due to destructive quantum
interference, whereas the second dark state |ΨD1 〉 is de-
coupled from the laser interaction in a trivial way.
The central idea is to use this dark state for adiabatic
passage. If the system is prepared in the above dark state
(6) and the laser intensities are changed slowly (i.e. adia-
batically) no other eigenstates ofHpart will be populated.
Therefore, throughout the whole process the two cavity
modes will not be populated. In our particular case we
initially have an unknown quantum superposition pre-
pared in subsystem A as given in Eq. (5). This initial
state can in fact be written as a superposition of the two
dark states |ΨD0,1〉 provided that sB10(t)≫ sA10(t):
(α|0〉+ β|1〉) |1〉 = α|ΨD0 〉+ β|ΨD1 〉
In practice this means that at the beginning of the trans-
fer the laser which acts on the atom in subsystem B is
switched on first. During the transfer the laser inten-
sities are changed such that at the end the inequality
sB10(t)≪ sA10(t) holds. If the change is carried out slowly
enough the system at the end is still the above superpo-
sition of |ΨD0 〉 and |ΨD1 〉. However, this quantum state
now corresponds to the desired final state of the transfer,
i.e.
α|ΨD0 〉+ β|ΨD1 〉 = |1〉 (α|0〉+ β|0〉) .
An important feature of the scheme is that the details of
the laser pulses are not important as long as the process
is carried out adiabatically.
As mentioned above, the Hamiltonian Hpart is not the
total Hamiltonian of the system because it does not con-
tain H˜0 specified in Eq. (2). This Hamiltonian contains
light shift of the state |a0〉 which will destroy the dark
state Eq. (6). However, this light shift can be compen-
sated for quite straightforwardly by using a second laser
which couples the atomic level |a0〉 non–resonantly with
an additional level further up in the atomic level scheme.
The intensity of this laser is chosen such that the total
light shift of |a0〉 adds up to zero.
In the remainder of this letter I will present numeri-
cal results in order to evaluate the performance of the
scheme. Note that the coupling strength ν will decrease
when the length of the fibre is increased. Therefore, it is
advantageous to introduce a coupling strength per unit
length defined as:
α = ν
√
L,
where L is the length of the fibre. We shall express all
the other parameters in units of α, and a unit length
L0. The order of magnitude of α in terms of known
quantities can be estimated as follows. Suppose the fibre
is infinitely long and the decay rate of the single cav-
ity mode into the continuum of fibre modes is κf . As
a result of the quantum fluctuation–dissipation theorem
the coupling strength between the cavity mode and the
output–field of the fibre modes is gf =
√
2κf [9]. Now
we estimate the coupling of the cavity mode to the indi-
vidual fibre modes provided that L is finite. Let us first
estimate the number of fibre modes which are coupled to
the cavity mode. For simplicity we assume that the mode
separation between neighboring fibre modes to be 4pic/L,
where c denotes the speed of light. This means that the
number of fibre modes which couple significantly to the
cavity mode is of the order of N = κfL/4pic. We can es-
timate the coupling of the cavity mode to an individual
fibre mode by multiplying gf by a factor which reflects
the discretization of the spectrum. From the commuta-
tion relations of the field operators we conclude that this
factor fulfills the following relation:
f ≈
√
κf/N.
Thus the coupling of the cavity mode to an individual
fibre mode is approximately:
ν = α/
√
L ≈
√
8κfpic/L.
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As a concrete numerical example let us assume that the
decay rate of the fibre into the cavity is κ/2pi = 0.5GHz.
Thus we find α/2pi ≈ 0.8GHz√m. Moreover, suppose the
unwanted cavity loss rate is κ/2pi = 100MHz. In units
of α the cavity loss rate and the mode detuning are κ ≈
0.13m−1/2α and ∆k ≈ (k/L)0.77m−1/2α. We will find
later that reliable transfer can be achieved in principle for
a transfer time of the order of t ≈ 300m1/2α−1 ≈ 60ns.
FIG. 3. (a) Population in the quantum state
|a1, 0〉|a0, 0〉|vac〉≡|1〉|0〉 after the transfer (initial state
|a0, 0〉|a1, 0〉|vac〉 ≡|0〉|1〉) against the length of the fibre in
units of L0. The total time of the transfer was chosen as
T=300 α L
1/2
0
. The pulse shape of the two lasers was assumed
to be Gaussian: ∆gs
A,B
01
(t) = cexp
(
−(t− tA,B)
2/w2
)
, with
c = 2αL
−1/2
0
, tB− tA = 0.2T and w = 0.05T . The scaled cav-
ity loss rate and the separation between neighbor fibre modes
were chosen as κ = 0.1αL
−1/2
0
and ∆ = 0.1αL
−1/2
0
, respec-
tively. (b) The time average of the expectation value of the
photon number in the resonant, dark fibre mode divided by
the time–average of the expectation value of the total photon
number in the fibre. The parameters are the same as in (a).
In Fig. 3a the performance of the scheme is stud-
ied as a function of the length of the fibre. A good
measure is the population ε in the quantum state
|a1, 0〉|a0, 0〉|vac〉 ≡ |1〉|0〉 after the transfer for an ini-
tal state |a0, 0〉|a1, 0〉|vac〉 ≡ |0〉|1〉. As pointed out ear-
lier the state |a1, 0〉|a1, 0〉|vac〉 ≡ |1〉|1〉 is decoupled from
the laser interaction and thus remains unchanged. The
length L of the fibre is plotted in units of L0. For small
values of L the transfer is almost perfect. As the length of
the fibre is increased the population ε decreases (after go-
ing through a local maximum) and thus the performance
of the scheme deteriorates. This behaviour is due to the
fact that the distance between neighbor modes decreases
with increasing fibre length. Therefore, more and more
“grey” states (i.e. states which are not perfectly dark) in
the neighborhood of the resonant dark state are involved
in the transfer. Note that this asymptotic behaviour is
required for causality reasons. If all the modes besides
the central mode are neglected a transfer between the
nodes could take place in constant time regardless of the
length of the fibre.
Finally, in Fig. 3b I show to what extent the dark state
Eq. (6) is populated during the transfer. We plot 〈Π0〉,
the average population in the dark state divided by the
average total photon number within the fibre. Surpris-
ingly, rather good transfer can be found even in the case
where 〈Π0〉 is not close to one. This suggests that a signif-
icant portion of the population passes through non–dark
states in the neighborhood of the dark state and very
good transfer can take place for parameters where the
single mode approximation of the fibre is not at all valid.
In summary, I have proposed a novel scheme to trans-
fer quantum states between distant nodes of a quantum
network which is robust against important sources of de-
coherence. The scheme could be used to enable network-
ing of several ion trap quantum computers. In addition,
error correction methods could be applied to further in-
crease the stability of the scheme [15,16].
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